Slow waves occurring during non-rapid eye movement sleep have been associated with neurobehavioural performance and memory. In addition, the duration of previous wakefulness and sleep impacts characteristics of these slow waves. However, molecular mechanisms regulating the dynamics of slow-wave characteristics remain poorly understood. The EphA4 receptor regulates glutamatergic transmission and synaptic plasticity, which have both been linked to sleep slow waves. To investigate if EphA4 regulates slow-wave characteristics during nonrapid eye movement sleep, we compared individual parameters of slow waves between EphA4 knockout mice and wild-type littermates under baseline conditions and after a 6-h sleep deprivation. We observed that, compared with wild-type mice, knockout mice display a shorter duration of positive and negative phases of slow waves under baseline conditions and after sleep deprivation. However, the mutation did not change slowwave density, amplitude and slope, and did not affect the sleep deprivation-dependent changes in slow-wave characteristics, suggesting that EphA4 is not involved in the response to elevated sleep pressure. Our present findings suggest a role for EphA4 in shaping cortical oscillations during sleep that is independent from sleep need.
IN TROD UCTI ON
Slow waves (SWs) are low-frequency (<4 Hz)-high-amplitude (>75 lV) waves observed in the electroencephalogram (EEG) during non-rapid eye movement sleep (NREMS). They are composed of a negative phase, during which cortical neurons are mostly in a hyperpolarized/down state and silent, and a positive phase, during which cortical neurons are predominantly in a depolarized/up state and firing (Amzica and Steriade, 2000; Steriade et al., 1993a) . SWs represent a marker of sleep intensity and have been linked to cognitive functions (Marshall and Born, 2007) , such as declarative memory and visuomotor performance (Landsness et al., 2009; Ngo et al., 2013; Westerberg et al., 2015) . However, molecular mechanisms regulating SW characteristics and their dynamics are not yet well understood.
Specific SW characteristics are influenced by previous wakefulness duration (also referred to as homeostatic sleep pressure). Precisely, the number of SW per minute (i.e. density), SW amplitude and slope between the positive and negative phases are increased after wakefulness compared with sleep (Bersagliere and Achermann, 2010; Riedner et al., 2007; Vyazovskiy et al., 2009) . This is interpreted as more neurons being simultaneously silent or firing, and switching more synchronously between silent and firing states. Our studies in humans have shown that negative and positive phase durations decrease under high sleep pressure Mongrain et al., 2011) . This contrasts our mouse work showing that sleep deprivation (SD) increases the duration of negative and positive phases (Massart et al., 2014) . Besides, high sleep pressure in rats has been linked to shorter up and longer down states (Vyazovskiy et al., 2009) . Understanding the molecular determinants of changes in SW characteristics under different sleep need conditions could help to understand these discrepancies.
Studies in different mammals suggest that changes in glutamate transmission are shaping NREMS SWs. For instance, an antagonist of N-methyl-D-aspartate receptors (NMDARs) increased NREMS slow-wave activity (SWA) in rats (Campbell and Feinberg, 1996) , while a positive allosteric modulator of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs) decreased SWA during recovery following SD in non-human primates (Porrino et al., 2005) . In cats, blocking NMDARs with ketamine decreased the duration of up states, and increased the duration of down states and SW amplitude (Chauvette et al., 2011; Steriade et al., 1993b) . These observations point to a role of glutamate transmission in the regulation of SW characteristics. Thus, elements controlling glutamate receptor function are candidates to act in the regulation of SWs in mice.
EphA4 is a cell surface protein regulating glutamate transmission and dendritic spine morphology (Fu et al., 2011; Murai and Pasquale, 2011) . It belongs to the superfamily of tyrosine kinase receptors, and is mostly localised to neurons in the central nervous system (Carmona et al., 2009; Murai and Pasquale, 2011) . EphA4 activation was shown to specifically downregulate the AMPAR subunit GluR1 (Fu et al., 2011) . We recently demonstrated that mice lacking EphA4 show less spectral power in low frequencies (<5 Hz) during NREMS (Freyburger et al., 2016) , suggesting alterations in underlying SW characteristics. Therefore, we aim at testing if EphA4 regulates specific characteristics of SWs using analysis of SW parameters in EphA4 knockout (KO) mice under baseline conditions and after a 6-h SD. We observed that the absence of EphA4 decreases SW negative and positive phase durations. These observations confirm that EphA4 shapes neuronal synchrony during sleep, and suggest that it could have a role in maintaining the up/down states of neuronal activity during NREMS.
MATERI ALS AND METHODS

Animals and protocol
Male mice studied were the same as those used in our recent study (Freyburger et al., 2016) , for which the electrocorticogram (ECoG) signal was submitted to SW detection. KO mice and littermates were maintained under standard housing conditions (food/water ad libitum, 23-25°C, 12 h light : 12 h dark). EphA4 KO mice have been described elsewhere (Dottori et al., 1998) , and initial breeding couples were provided by Keith Murai (McGill University). Mice were implanted for ECoG and electromyography at 9-10 weeks old, as detailed previously (Freyburger et al., 2016) . ECoG electrodes were positioned above the right anterior cortex (1.5 mm anterior to bregma, 1.5 mm lateral to midline) and posterior cortex (1 mm anterior to lambda, 1.5 mm lateral). A reference was implanted 3 mm posterior to bregma and 6 mm lateral. Recordings were performed 10 days postsurgery to allow recovery/adaptation. The ECoG of 13 EphA4 KO, 14 heterozygous (HET) and 15 wild-type (WT) mice was recorded during a 24-h baseline condition starting at light onset (Zeitgeber time 0 = ZT0), during a 6-h SD achieved by gentle handling starting at ZT0, and during 18 h of recovery.
For recovery, one HET mouse was excluded because of artefacts. Experiments were approved by the Ethic Committee for Animal Experimentation of the Hôpital du Sacr e-Coeur de Montr eal.
SW detection and analyses
The bipolar ECoG signal of NREMS artefact-free epochs was band-pass-filtered between 0.5 and 4.0 Hz using a linear phase FIR filter (À3 dB), and the following criteria were used to detect SWs (Massart et al., 2014) : negative-to-positive peak-to-peak amplitude >120 lV (M€ olle et al., 2006); negative peak amplitude >40 lV; negative phase duration between 0.1 and 1.0 s, and positive phase duration <1 s. SW density was calculated as the number of SW per NREMS minute. For each SW, the following five characteristics were derived: (1) peak-to-peak amplitude (difference in lV between negative and positive peaks of unfiltered signal); (2) slope (velocity of the change between the negative and positive peaks in lV/s); (3) duration of the negative phase (s); (4) duration of the positive phase (s); and (5) frequency (Hz, 1/total SW duration).
Density and SW characteristics were averaged per 24 h, and 12 h light and dark periods during both baseline and recovery. Characteristics were also averaged for 12 equal intervals during the light period, for which an identical number of epochs contributed, for eight intervals during the 6 h immediately following SD, and for six intervals during the dark periods as done previously for SW characteristics and delta activity to take into account wakefulness and sleep distribution (Curie et al., 2013; El Helou et al., 2013; Massart et al., 2014) . To further investigate the effect of the mutation on the sleep pressure-dependent dynamics of SW density and characteristics, a build-up, a decay and a rebound values were computed using intervals with different levels of homeostatic sleep pressure similar to previously performed (Lafortune et al., 2012; Mongrain et al., 2011) . Build-up of sleep pressure during SD was calculated as the difference between the first interval of recovery during the light period and the last interval of baseline during the dark. Decay of sleep pressure during recovery was calculated as the difference between the last and the first intervals of the initial 6 h of recovery, as done previously (Massart et al., 2014) . The rebound of sleep pressure driven by SD in comparison to baseline was defined as the difference between the first interval of recovery during the light period and the first interval of baseline during the light.
Statistical analyses
Analyses of variance (ANOVAs) were used to compare SW density and characteristics per 12-h period, which were normally distributed, with factors Genotype (KO versus HET versus WT) and Condition (baseline versus recovery). Relationships between NREMS SW density/characteristics and relative delta activity (1-4 Hz), calculated as described ª 2017 European Sleep Research Society previously (Freyburger et al., 2016) , were analysed for 24 h means by Pearson's correlations. Time courses were compared separately for baseline and recovery periods using repeated-measure ANOVAs with factors Genotype and Interval. One-way ANOVAs were used to compare build-up, decay and rebound between genotypes. Significant effects were decomposed using planned comparisons, and significance levels were adjusted for repeated measures using Huynh-Feldt correction. Significance threshold was set to 0.05 and data are reported as mean AE SEM.
RESUL TS
Shorter SW duration in EphA4 KO mice Characteristics of NREMS SWs were first compared between genotypes in baseline condition and following SD separately for the light and dark periods. During the light period, all genotypes showed an increase in SW density, amplitude, durations and slope after SD (Fig. 1) . During the dark period, negative and positive durations were increased by SD, whereas density, amplitude and slope were decreased. Importantly, during both the light and dark periods, EphA4 KO mice showed a shorter duration of positive phase compared with WT and HET littermates (Fig. 1) . The duration of the negative phase was also shorter in KO than littermates during the light period. These differences in durations were linked to a genotype effect on frequency during the light period, with frequency being higher in KO mice than littermates (Fig. 1) . Frequency during the light period was significantly decreased by SD in EphA4 KO mice only (significant Genotype by Condition interaction). No other interaction was found for SW characteristics. . Slow wave (SW) density and characteristics during light and dark periods of baseline (BSL) and recovery (REC) in EphA4 knockout (KO), heterozygous (HET) and wild-type (WT) mice. A significant BSL versus REC effect was found for density, amplitude, negative and positive durations, slope and frequency during the light (F 1,38 ≥ 4.8, P ≤ 0.03: all REC > BSL except frequency REC < BSL) and the dark (F 1,38 ≥ 17.1, P < 0.001: all REC < BSL except durations REC > BSL) periods. Significant genotype effects were found for the duration of the negative (F 2,38 = 4.3, P = 0.02: KO < WT = HET) and positive (F 2,38 = 6.9, P = 0.003: KO < WT = HET) phases, and frequency (F 2,38 = 5.9, P = 0.006: KO > WT = HET) during the light period, and the positive phase duration during the dark (F 2,38 = 3.7, P = 0.03: KO< WT = HET). A significant interaction was found for frequency during the light (F 2,38 = 3.9, P = 0.03: KO BSL > KO REC). *P < 0.05 between genotypes or between BSL and REC; DP = 0.07 between genotypes. White background indicates the 12-h light period and grey the 12-h dark.
ª 2017 European Sleep Research Society To investigate the relationship between genotype differences in SW characteristics and the decreased low-frequency activity previously observed in EphA4 KO mice (Freyburger et al., 2016) , correlations were performed on these parameters that were calculated for the 24-h baseline condition using all mice. A higher relative delta activity during NREMS was significantly correlated with a higher SW density, with longer durations of negative and positive phases, and accordingly with a lower frequency of SWs (Fig. 2) .
Time course of SW characteristics
The dynamics of SW density and characteristics in the course of the recording were compared between EphA4 KO mice and littermates separately for the baseline and recovery conditions. Significant effects of Interval were found for density and all SW characteristics during both conditions (Fig. 3) , which illustrates the impact of wakefulness/sleep distribution. The time course of SW density and characteristics was preserved in EphA4 KO mice during baseline but, as reported above, negative and positive durations were significantly shorter in KO compared with WT and HET, and frequency was significantly higher. During recovery, the time course of the duration of negative phase was significantly affected by genotype, with EphA4 KO mice having significantly shorter duration compared with WT mice for only the fourth interval of the recovery period (Fig. 3) . A tendency for shorter positive duration in KO was observed during recovery.
Unaltered SW dynamics in EphA4 KO mice
To further understand the potential effect of EphA4 absence on the SW response to SD, a build-up, decay and rebound were compared between genotypes. For this analysis, focus was initially on density, amplitude and slope as they are showing a dynamics similar to that of SWA, which depends on previous wakefulness duration (i.e. sleep pressure). Nevertheless, the same comparisons were performed for positive and negative durations as well as frequency, because of the observed genotype effect on these variables. The build-up occurring between the last baseline interval and the first recovery interval and the decay between the first and the last intervals of the first 6 h of recovery were not significantly affected by genotype for density and SW characteristics (Fig. 4) . The rebound represented by the difference between the first recovery interval and the first baseline interval was also unaffected by the EphA4 mutation for density, amplitude, slope and positive duration. A significant genotype difference in rebound for negative duration and frequency was observed, showing that a small increase in frequency in recovery compared with baseline was absent in KO mice compared with HET, which was also the case for the subtle decrease in negative duration (Fig. 4) . No significant difference between KO and WT mice was found.
DI SCUSSION
Our study reveals a role for EphA4 in the regulation of SW parameters during NREMS. We observed that, under baseline conditions, mice not expressing EphA4 have shorter SW positive and negative durations. This difference seemed attenuated after SD and may thus be modulated by homeostatic sleep pressure. EphA4 absence did not impact SW density, amplitude or slope, neither their baseline dynamics nor their increase after SD. These findings supplement our previous study, where we showed that EphA4 KO mice express a decrease in NREMS delta activity independent from previous wakefulness duration (Freyburger et al., 2016) . Moreover, we report that shorter SW durations significantly correlate with lower delta activity. These observations are in sharp contrast with our work showing that mice lacking Neuroligin-1, another cell surface protein shaping cell-cell interactions, have a specific increase in amplitude and slope that is amplified under elevated sleep need (Massart et al., 2014) . Together, our work suggests that different cell surface molecules involved in intercellular signalling control distinct characteristics of NREMS SWs.
Our results confirm findings showing that sleep occurring after a long period of wakefulness associates with higher SW density, amplitude and slope Vyazovskiy et al., 2009) , which thus seem to index sleep homeostasis. The duration of down and up states of neuronal firing during SWs has also been linked to sleep pressure, with higher sleep need associated to shorter duration of up states and longer duration of down states in rats (Vyazovskiy et al., 2009) . Although these changes may be interpreted as a shorter SW positive phase duration and a longer SW negative phase duration under elevated sleep pressure, our previous data indicate that SD increases SW negative and Figure 3 . Time courses of slow wave (SW) density and characteristics during 24-h baseline and 18-h recovery in EphA4 knockout (KO), heterozygous (HET) and wild-type (WT) mice. Density and characteristics all showed a significant effect of Interval for both baseline and recovery (respectively, F 17,663 ≥ 21.1, P < 0.001 and F 13,494 = 27.4, P < 0.001). A significant genotype effect was found for negative and positive phase durations and frequency during baseline (F 2,39 ≥ 6.4, P ≤ 0.004: KO < WT = HET for durations, KO > WT = HET for frequency). A similar tendency was observed for positive phase duration during recovery (F 2,38 = 2.9, P = 0.07). A significant interaction was found for negative duration during recovery (F 26,494 = 1.6, P < 0.05). Significant differences (P < 0.05) between KO and WT are highlighted by red symbols. White background indicates the 12-h light period and grey the 12-h dark. Black rectangles indicate the 6-h sleep deprivation (SD).
ª 2017 European Sleep Research Society positive durations in mice (Massart et al., 2014) . Our present observations also support that SD generally increases SW durations, even if this effect might not be evident in all genotypes. The SD-driven shorter duration of up states that contrasts with increased duration of positive phase of SWs may reside in a methodological difference in that up/down state measurements were not restricted to SWs but included all detectable periods of neuronal firing (termed ON) and silence (termed OFF; Vyazovskiy et al., 2009) . It is also possible that negative and positive phase durations of individually detected SW are not perfect indexes of the duration of down/up states of neuronal firing. Our studies in humans have rather indicated that higher sleep need associates with shorter duration of negative and positive phases Mongrain et al., 2011) . These findings may suggest that, contrary to SW density, amplitude and slope, the duration of negative and positive phases is not linearly reflecting homeostatic sleep pressure. Nevertheless, our findings propose that SW duration contributes to changes in NREMS delta activity, at least when relative delta activity is considered.
Our observations suggest that EphA4 is required to maintain a normal duration of NREMS SWs. Although changes in duration may seem relatively small (i.e. 0.02 s total duration), these are approximately twice as large as normal daily variations, suggesting that they could be biologically relevant. Two mechanisms by which EphA4 may control SW duration will be discussed: (1) its role in regulating the excitation/inhibition balance; and (2) its implication in glia functions. Firstly, EphA4 absence increases the number of excitatory neurons and decreases that of inhibitory neurons crossing the ventral commissure (Restrepo et al., 2011) or reaching the cerebral cortex during development (Hu et al., 2014; Steinecke et al., 2014) . The delayed migration of inhibitory interneurons during development (Steinecke et al., 2014) may be responsible for the thinner cerebral cortex in EphA4 KO mice (North et al., 2009) , as well as for their thicker layers V/VI and thinner layers II-IV (Gerstmann et al., 2015) . Inhibitory transmission was specifically proposed to synchronize down state initiation (Chen et al., 2012; Lemieux et al., 2015) . Also, blocking inhibition reduces up state duration (Chen et al., 2012) . Therefore, interneuron alterations in the absence of EphA4 might contribute to shorter SW positive duration. In parallel, EphA4 absence should also prevent EphA4-dependent decrease in excitatory transmission due to AMPAR internalization (Fu et al., 2011; Peng et al., 2013) . Given that a decreased excitatory tone associates with a longer down state duration Figure 4 . Build-up, decay and rebound of density, amplitude, slope, frequency, and positive and negative durations in EphA4 knockout (KO), heterozygous (HET) and wild-type (WT) mice. The build-up [increase in the course of sleep deprivation (SD)], the decay (decrement in the course of the post-SD 6-h recovery period) and the rebound (increase during early recovery in comparison to early baseline) were not significantly affected by genotype (F 2,38 ≤ 1.4, P ≥ 0.2). Build-up and decay were also not significantly affected by genotype for frequency and durations (F 2,38 ≤ 1.3, P ≥ 0.3). A significant genotype effect on the rebound was found for frequency and negative duration (F 2,38 > 3.8, P < 0.03: negative duration KO > HET, frequency KO < HET), and a similar tendency was observed for positive duration (F 2,38 = 2.6, P = 0.09). Asterisks highlight significant differences (P < 0.05) between indicated bars.
ª 2017 European Sleep Research Society (Chauvette et al., 2011) , a relatively preserved excitatory transmission in the absence of EphA4 may contribute to a shorter negative duration of SWs.
Secondly, the expression of glial glutamate transporters is increased in the hippocampus of EphA4 KO mice (Carmona et al., 2009) , supporting a role for EphA4 in glial reuptake function. Given that glia was proposed to contribute to the termination of the up state during slow oscillations (Amzica and Massimini, 2002) , altered astrocytic functions in EphA4 KO mice could modify SW duration. In fact, it was specifically shown that the binding of EphA4 to Ephrin-A3, expressed on astrocytes, reduces astrocytic glutamate reuptake (Carmona et al., 2009) . Glutamate reuptake has been shown to shape synchronized neuronal activity (Karus et al., 2015) . Increased astrocytic glutamate reuptake in the cerebral cortex of EphA4 KO mice may thus contribute to reduce the duration of neuronal depolarizations, and hence the duration of up states and SW positive phases.
A limitation of our study may reside in between-animal variations of the EEG signal that were not controlled for analyses of SW density and characteristics. SW detection in human and rodent sleep research is based on absolute EEG criteria Lafortune et al., 2012; Massart et al., 2014; M€ olle et al., 2006; Mongrain et al., 2011) . In spite of this, our results indicate that normalized EEG delta activity correlates with the duration of both the negative and positive phases of SWs, for which we observed a significant genotype effect. Nevertheless, future work should aim to develop SW detection criteria taking EEG variations between animals into account.
We demonstrate that EphA4 regulates the duration of NREMS SWs in mice. This difference was specific for this characteristic because no change was observed for other SW characteristics or density. The decreased duration of positive and negative phases in the absence of EphA4 was mainly attenuated by SD, during which massive changes in SW characteristics may have masked the effect of the mutation. The roles of EphA4 in central nervous system development, glutamatergic transmission and glial functions could all contribute to SW duration. The last two mechanisms also confer a role to EphA4 in synaptic plasticity (Filosa et al., 2009) , which encourages further studies to understand the relationship between SW duration and memory. The identification of mechanisms by which EphA4 KO decreases SW duration will require, for instance, investigations using pharmacological inhibition of EphA4 (Fu et al., 2014) or downregulation targeted to precise sleep-regulatory circuits.
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